Photonic crystal (PC) nanolasers often consist of air-bridge PC slab, which enhances optical confinement while limiting its size to 30 Â 30 lm 2 due to the mechanical fragileness. This limit is broken by resin-mediated bonding of the PC slab on a host substrate. In this paper, we demonstrate a GaInAsP PC slab with a size of over 100 Â 100 lm 2 in which 1089, 2376, and 11 664 nanolasers showing high-yield laser operation are integrated. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4869753] Semiconductor photonic crystal (PC) nanolasers are compact and low-threshold lasers. For both photo-pumped and electrically pumped devices, PC slabs consisting of GaInAsP thin membranes and a triangular lattice of holes are often used.
1- 4 We have developed GaInAsP PC nanolasers in which a cavity is formed by shifting two (or four) holes in the slab (H0-type). 2, 5 The passive cavity Q can be higher than 10 5 theoretically with a small modal volume of 0.2(k/n) 3 , which allows a microwatt-order low threshold when the cavity is applied to nanolasers. In recent years, PC nanolasers have been studied, in particular, toward sensing appplications. [6] [7] [8] [9] Thanks to their compactness, their array integration is also easy, and this enables to produce sensor arrays for parallel detection and statistical analysis. Small arrays and coupled arrays have been reported in this context, 5, [10] [11] [12] but wider applications such as bio-maker screening and bio-imaging 13 will be available if large-scale array technologies are established.
The air-bridge PC slab is usually used for PC nanolasers to enhance their optical confinement and simplify their fabrication. However, due to its mechanical fragileness, one continuous area is limited to 30 Â 30 lm 2 in size, which cannot be used for large arrays. Meanwhile, a wide PC slab bonded on polydimethylsiloxane (PDMS) substrate has been reported. 14 This technique improves the mechanical strength, but nanolasers and their arrays based on this technique have not yet been reported. In this paper, we demonstrate nanolaser arrays fabricated by a similar bonding method. The scale of the arrays is far larger than those ever reported before; nevertheless, the nanolasers exhibit high-yield laser operation.
The fabrication process of the PC has been reported in detail. 5 The PC pattern with a lattice constant of 500 nm and basic hole diameter of 250 nm is formed on a 180-nm-thick GaInAsP single-quantum-well slab by e-beam lithography and HI plasma etching. Then, the PC slab is bonded on silica substrate with liquid PDMS, applying a pressure of 105 kgf/cm 2 for 5 min, followed by baking at 180 C for 2 h. Finally, the InP substrate is removed by HCl wet etching.
An example of the fabricated device is shown in Fig.  1 (a) . Almost uniform bonding is obtained over the 120 Â 120 lm 2 area and 1089 (33 Â 33) nanolasers are integrated with a 3 lm pitch. As shown in Fig. 1(b) , each nanolaser has a H0-type cavity consisting of 80-nm shifts of two holes (red-colored ones) to outer directions. We also add 20-nm shifts of other seven holes in the directions indicated by other arrows. These asymmetric shifts improve the vertical radiation efficiency of laser emission. 15 This is not optimum for maximizing the vertical radiation, compared with other optional structures, but it balances the vertical radiation and tight in-plane confinement of the laser mode, which is shown by finite-difference time-domain (FDTD) simulation (Fig. 1(c) ). This is advantageous for suppressing the mutual mode coupling when nanolasers are densely integrated. Nanolasers are actually integrated in a square arrangement ( Fig. 1(a) ). Since the laser mode penetrates mainly from the cavity in the C-M directions of the Brillouin zone ( Fig. 1(c) ), the square arrangement suppresses the mutual coupling. In addition, 9 (3 Â 3) nanolasers are designed as a unit, each having different diameters of the two shifted holes and two other holes (blue-colored ones in Fig. 1(b) ) so that their laser wavelengths are changed. This also suppresses the mutual coupling. The design of each nanolaser in the unit is Table I . The FDTD calculation shows that the value of passive cavity Q ranges from 5000 to 7000, which is sufficient for lasing.
In addition to the 1089 array, we also fabricated 2376 (24 Â 99) and 11 664 (108 Â 108) arrays with a 5 lm pitch. The 1089 array can be fabricated by single-field e-beam lithography, while the other two can be fabricated by stitching multi-fields. The FDTD calculation indicates that a small stitching error in the direction that increases the inter-field spacing severely decreases the Q of adjacent cavities and generates unwanted line-defect modes at the boundary. This problem is avoided by a stitching error in the opposite direction. Although holes in the PC slab on the right side from the dashed line in Fig. 1(c) are shifted to the left by 100 nm, the mode localization is not affected and the line-defect mode does not appear. Therefore, the inter-field spacing is intentionally set to be 0-100 nm smaller than the ideal value.
In bio-sensing applications, pulsed operation is used in the nanolasers to avoid the heating. In this study, we used pulsed pump light at k ¼ 0.98 lm at room temperature. The pump spot of 20 lm diameter covers one unit so that near field patterns (NFPs) of laser emission from 9 nanolasers are observed simultaneously by GaInAs camera. The same observation is repeated for all units, and the total NFPs are acquired, as shown in Fig. 2 . For the 1089 and 2376 arrays, emission spots much stronger than the background spontaneous emission are observed from all nanolasers. Some nonuniformity due to fabrication errors and periodic intensity variation due to the difference in designed Q between 9 nanolasers are observed (also see Table I ). In the 11 664 array, such strong emission spots are confirmed for 89% nanolasers. Line-defect emissions are not observed at interfield boundaries with the narrowed spacing. When the interfield spacing is expanded by 80 nm, such line-defect modes as well as non-lasing areas are observed (Fig. 2(e) ). The pump-output characteristics were measured for a limited number of devices, and we confirmed the kink at threshold in each characteristic. Typical thresholds of 9 nanolasers in one unit range from 0.4 -1.3 mW in irradiated pulse peak power (8 -26 lW in effective pump power), which are higher than those in Ref. 5 . This might be due to the PDMS claddings and asymmetric hole shifts, which weaken the optical confinement. The output power is roughly estimated to be of microwatt order for a irradiated power of 4.4 mW (88 lW in effective power). Figure 3 shows the lasing spectra for the 2376 array when each nanolaser is pumped by a narrow pump spot of $3 lm diameter. The narrowest spectrum of a single nanolaser exhibits a 0.2-nm-wide sharp peak, which is close to 0.139 nm, the resolution limit of spectrometer used. Many other devices also exhibit the spectral broadening up to 1 nm due to the thermal chirping even in water. 5 For the 1089 and 2376 arrays, yields of devices exhibiting <1-nm-wide spectra are 100% and 91%, respectively. The average spectrum is clearly shifted with the 9 different design. Similar peaks are observed from all nanolasers (Fig. 3(c) ). They should ideally converge on 9 peaks, corresponding to the 9 design, but each peak is actually deviated from the average one due to fabrication errors and all the spectra are distributed almost uniformly. Figure 4 shows the distribution of the wavelengths. Similar to Fig. 3(b) , the center wavelength changes with the design ID. In the 1089 array, the standard deviation of the distribution averaged for all design is 2.4 nm. This is caused by the slow variation of the wavelength over the device area (Fig. 4(b) ). Such variation, not corresponding to the flow of the e-beam writing, can be explained by nonuniform thickness of the e-beam resist. For cost saving, we limited the wafer size to $ 6 Â 6 mm 2 and some nonuniform interference colors were observed after the resist coating. If a larger wafer is used, the uniformity will be improved and the deviation will be reduced. In the 2376 array, the average deviation is 5.6 nm for the whole device and 3.1 nm for each e-beam field. Thus, the deviation is simply increased with increasing the area.
In conclusion, large-scale arrays of GaInAsP H0 PC nanolasers can be fabricated with high yield by PDMSmediated bonding process. High-throughput fabrication is expected by employing deep ultraviolet or nano-imprint lithography in future. Roll-to-roll nanolaser-sheet fabrication will also be expected by bonding on a PDMS substrate. Even with the current wavelength deviation in each nanolaser, all the wavelengths in one unit can be identified for the batch pumping if two neighboring wavelengths are separated by 5 nm. If the deviation is reduced, the batch pumping and measuring of larger number of nanolasers will become possible, which enables large-scale and high-throughput parallel sensing required for bio-marker screening and bioimaging.
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